ABSTRACT
findings from the more recent HSs 1, 2, and 3. Based on this evidence, we clarify a sequence of 23 events that precedes HEs. Precursor melting of North Atlantic-adjacent ice sheets induces an 24 initial Atlantic meridional overturning circulation (AMOC) slowdown. Atmospheric changes 25 during the resulting HS cause summertime warming in northern Europe that drives enhanced FIS 26 melting. Subsequent meltwater discharge to the North Atlantic further weakens the AMOC and 27 warms the intermediate water masses that contribute to HEs. 28
INTRODUCTION 30
The widespread melting of North (N.) Atlantic-adjacent ice sheets during periods of 31 exceptionally cold polar climate is a paradoxical feature of recent glacial periods (e.g., Barker et 32 al., 2015; Toucanne et al., 2015) . Heinrich Events, in which armadas of icebergs discharge from 33 marine-terminating ice margins into the N. Atlantic, punctuate the termination of cold Heinrich 34 Stadials. HSs likely are caused by ocean surface cooling in response to freshwater-induced 35 disruptions of the AMOC (e.g., Clark et al., 2007; Ivanovic et al., 2018) . HEs then are triggered 36 by the melting of marine-terminating grounded ice by the poleward transport of subsurface heat 37 (700-1100 m depth, Alvarez-Solas et al., 2013 ) from low latitudes in response to further 38 weakening of the AMOC (Shaffer et al., 2004; Marcott et al., 2011; Alvarez-Solas et al., 2013) . 39
However, the continental sources of freshwater that induce this AMOC destabilization during 40 seasonally laminated IRD termed 'Channel River IRD' and massive muds in the deep Bay of 115 Biscay (Fig. 2E, G ). This accumulation is 1.5 times greater than at Termination I (ca. 18-17 ka, 116 Zaragosi et al., 2001) . 117
To verify that the ca. 156 ka event reflects FIS margin melting, we draw on evidence 118 from the last glacial period. Terrestrial-based paleogeographical reconstructions of the FIS 119 (Hughes et al., 2016) reveal that the southern FIS margins retreated in phase with Channel River 120 discharge events identified during HS1, HS2, and HS3 (Fig. 3) . Based on the similarity of 121 sedimentary and geochemical evidence, we infer that the terrestrial-terminating FIS margin was 122 melting and retreating from ~158 to 154 ka ( Fig. 2A, F, G) . 123
124

ICE SHEET MELTING AND AMOC SLOWDOWN DURING STADIALS 125
FIS melting in the continental interior ca. 158-154 ka occurs during a period of cooling 126 that extends from ~158-152 ka in the N. Atlantic and central Europe. The cooling interval is 127 inferred from the relative abundances of N. pachyderma in sediments from cores ODP 983 and 128 MD03-2692 (Barker et al., 2015 Eynaud et al., 2007) and the δ 18 O of cave flowstones (Fig. 2B, 129 C; Koltai et al., 2017) . The onset of southeastern FIS melting leads to the export of cold FIS 130 meltwaters to the Bay of Biscay and Portuguese coast, deduced from both increased 131 concentrations of freshwater Pediastrum and pre-Quaternary dinocyst algae in MD03-2692 core 132 sediments ( Fig. 2F ; Eynaud et al., 2007; Penaud et al., 2009 ) and increased proportions of tetra-133 unsaturated alkenones (C37:4%) in the surface waters above the MD01-2444 core site ( Fig. 2C ; 134 Margari et al., 2014) . 135 FIS melting, and the corresponding flux of freshwater to the open ocean, precedes 136 AMOC disruption (Fig. 2D ) and an increase in IRD deposition across the central and eastern N. 137 Atlantic ~155-154 ka (Fig. 2E) . The AMOC is sensitive to freshwater discharge to the Northeast 138 Atlantic (Roche et al., 2010) , a focal point of FIS meltwater routing. Because the FIS was more 139 voluminous ca. 155 ka than at the LGM (e.g., Fig. 1 ; Ehlers et al., 2011) , enhanced FIS melting 140 likely contributed to AMOC disruption (e.g., Ivanovic et al., 2018) . While the strength of the 141 AMOC was reduced during the entire HS (i.e., decreased δ 13 C of benthic foraminifera in core 142 ODP 983; Barker et al., 2015) , the precipitous decline in AMOC strength ~155-154 ka is coeval 143 with the widespread deposition of IRD (Fig. 2D, E) . Although the provenance of the IRD 144 deposited ~155 ka is uncertain, the N. Atlantic stadial bracketing the FIS melting interval is 145 analogous to HS1, HS2, and HS3 in that melting of the terrestrial-terminating ice sheet (TIS) 146 margins in Europe preceded calving of marine-terminating ice sheet (MIS) margins in the N. 147
Atlantic region (Fig. 2) . 148
149
ENHANCED SURFACE MELTING OF THE FIS DURING N. ATLANTIC STADIALS 150
The coalescence of grounded FIS and BIIS margins in the North Sea (Fig. 1) (Schenk et al., 2018; Bromley et al., 2018) . Although increased aridity could partially 161 explain FIS margin retreat and melting via reduced snow accumulation and increased albedo 162 (i.e., 'dirty ice') at the FIS surface, such evidence is presently lacking. 163
Warm European summers in response to ocean cooling (e.g., Schenk et al., 2018; 164 Bromley et al., 2018) are likely a recurring feature of N. Atlantic stadials. During MIS 6, 165 precursor discharge of meltwaters to the N. Atlantic ca. 160 ka, including from European ice 166 sheets (Fig. 2G) , is consistent with an initial disruption of the AMOC (Fig. 2D ) and the onset of 167 cooling in the N. Atlantic and mainland Europe (Fig. 2B, C ) (e.g., Clark et al., 2007; Ivanovic et 168 al., 2018) . FIS melting in the continental interior increased, however, ca. 158-154 ka when 169 central European and N. Atlantic surface temperatures were coldest (Fig. 2C, F Greenland and Antarctica: Nature, v. 444, doi: doi:10 983 (blue, Barker et al., 2015) . Triangles show the tie-points used to construct the chronology for MD03-2692 (see Table S3 for details). Table S1 . Nd isotope analyses for MIS 6 sediments from core MD03-2692 (Fig. 1) . Replicate analyses of the JNdi-1 standard solution (n=31) yield an estimated measurement uncertainty of ±0.3 ε-units (2σ). 
